We report results of investigation of the phonon and thermal properties of the exfoliated films of 
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INTRODUCTION
Transition-metal phospho-trichalcogenides, MPX3, where M is a transition metal e.g. V, Mn, Fe, Co, Ni, or Zn and X is a chalcogenide as S, Se, Te, span a wide variety of layered compounds with different electronic, optical, and magnetic properties 1 . Bulk MPX3 materials have been extensively studied during the last three decades mostly because of their potential application as cathodes in lithium batteries 2, 3 . With the beginning of the era of two−dimensional (2D) materials after exfoliation of stable atomically thin single layer graphene 4 and discovery of its unique electronic [5] [6] [7] and thermal properties 8, 9 , the attention turned to quasi-2D films of transition-metal dichalcogenides (MX2) and MPX3. It has been demonstrated that some MX2 exhibit ferromagnetic (FM) properties at monolayer thicknesses even at room temperature (RT) 10, 11 . Motivated by the desire to find intrinsic antiferromagnetic (AFM) ordering in the 2D limit, it was discovered that MPX3 structures are one of those rare few-layer van der Waals (vdW) materials, which can have stable intrinsic antiferomagnetism even at mono-and few layer thicknesses 12 .
The existence of weak vdW bonds between the MPX3 layers makes them a potential candidate for the 2D spintronic devices. The "cleavage energy" of these materials − the energy required to separate a crystal into two parts along a basal plane − is close to that of graphite 13 . More specifically, the "cleavage energy" of FePSe3 is slightly higher than that of the graphite while that for all other combinations of the M and X elements is lower than that of graphite. The Néel temperature, TN, for FePS3, MnPS3, and NiPS3 is reported to be around 118 K, 78 K, and 155 K, respectively 14 . The M element determines the type of the phase transition from AFM to paramagnetic (PM) ordering. While FePS3 shows Ising-type phase transition at TN, MnPS3 and NiPS3 follow Heisenberg-and XY-phase transitions, respectively 12 . The metal element of the 4 | P a g e MPX3 materials modifies the band gap from a medium band gap of ~1.3 eV to a wide band gap of ~3.5 eV suitable for optoelectronic applications 13, 14 . While FePS3 has an indirect bandgap of 1.5 eV, MnPS3 exhibits a direct bandgap of 3.0 eV, respectively 2 . The diverse properties of these materials tunable by proper selection and combination of the M and X elements make the MPX3 materials an interesting platform for fundamental science and practical applications in spintronic devices 15, 16 , lithium batteries 17 , field-effect transistors 18 , UV light detectors 18 , thermoelectrics 19 , and photocatalytic systems 20 . The semiconductor nature of FePS3 and MnPS3 and the possibility of electron and phonon band-structure engineering with strain 14 make these materials particularly interesting from the fundamental and practical applications points of view.
The optical phonon properties of FePS3 and MnPS3 bulk crystals have been studied extensively using Raman spectroscopy and infra-red (IR) absorption techniques [12] [13] [14] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The early Raman studies of bulk crystals suggested that the vibrational dynamics of both crystals can be pictured within the framework of a molecular approach, dividing the Raman spectrum into the highfrequency internal modes of P 2 S 6 , and the low-frequency modes where the interaction of the M element with phosphorous (P) and chalcogenides (X) becomes significant. A recent temperaturedependent polarized Raman study of bulk, few-and monolayer FePS3 revealed new features in the spectra, emerging at the transition temperature, and suggested that a monolayer FePS3 possesses an Ising-type AFM ordering 12 . Another Raman study of MnPS3 indicated that MnPS3 exhibits three phase transitions at 55 K, 80 K, and 120 K, which were attributed to unbinding of spin vortices, transition from an AFM to a PM state, and two-dimensional spin critical fluctuations, respectively 23 . Although, available Raman and IR-absorption studies are in general agreement, there exist ambiguities with peak assignments in the frequency range from 400 cm -1 to 500 cm -1 .
Some IR 29 and Raman 26 investigations reported an anomalous peak at ~480 cm -1 . While this peak was assigned to the normal vibration of the P−P bond the available theoretical reports 32 do not show any optical phonon modes at this frequency. Other experimental studies found the P−P mode peak at ~430 cm -1 as a weak feature in Raman and strong peak in IR-absorption spectroscopy.
Since the peak at 480 cm -1 exhibits low intensity, and it emerges as a broad shoulder in the visible laser Raman and IR spectra, the nature of these spectral feature has been questioned. In the present study, we report the vibrational dynamics of crystalline thin films of FePS3 and MnPS3 using three different lasers, with the excitation wavelengths of 325 nm (UV), 488 nm (blue), and 633 nm (red).
The Raman spectra obtained by blue and red lasers are in excellent agreement with the available literature. The data acquired by UV-Raman spectroscopy are similar for both crystals, revealing an intense peak at ~467 cm -1 . We also report the temperature dependent and excitation power dependent coefficients for the phonon modes in both material systems. The coefficients are required for understanding the anharmonicity of the crystal lattice and for determining the average thermal conductivity using the optothermal Raman technique.
Although magnetic and electronic properties of MPX3 family compounds have been investigated intensively, there have been no experimental reports on the thermal properties of these materials.
Like other layered crystalline materials, the members of the MPX3 family are expected to have strongly anisotropic thermal properties owing to their weak vdW interlayer bonds and strong inplane covalent bonds. A recent theoretical study reported an exceptionally low thermal conductivity of mono-layer ZnPSe3, which makes it a potential candidate for thermoelectric applications 19 . The knowledge of thermal transport properties of quasi-2D MPX3 materials is important for spintronic and thermoelectric applications 16 . It has been suggested that AFM shows the results of X-ray diffraction spectroscopy (XRD) of FePS3 and MnPS3 crystals, respectively. The XRD data reveals that both materials possess a pure single crystal phase with major (001) and (002) crystallographic planes 21 . The insets in Figure 1 Figure S3) . Raman spectroscopy (Renishaw inVia) measurements were performed in the backscattering configuration using three lasers with different excitation wavelengths of 325 nm (UV), 488 nm (blue), and 633 nm (red). The detector cut-off frequencies for these wavelength were 300 cm -1 , 10 cm -1 , and 100 cm -1 , respectively. In order to avoid self-heating effects, we used law laser excitation power in order to avoid self-heating effects.
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RESULTS AND DISCUSSION
The room temperature (RT) Raman spectra of FePS3 and MnPS3 on silicon (Si) substrate at three different laser excitations are presented in Figure 2 (a-b). The corresponding wavenumbers of the observed peaks are listed in Table 1 . In all spectra, the sharp peak at 520 cm -1 is originated from the silicon substrate. One can notice similarities in the Raman normal modes for both materials, at each laser excitation, except for the lowest normal modes of spectra excited by the blue laser.
Although the MPX 3 structures have a complex atomic configuration, their Raman signatures can be divided into the internal vibrational modes of the ethane-type P 2 S 6 4− and external vibrational modes of the M 2+ and P 2 S 6 4− [Ref.
27
]. The higher frequency modes in the spectra of both materials originate from the internal modes of P 2 S 6 4− . Since this is common to both crystals, the associated Raman modes are nearly identical. The bulk MPX 3 crystals belong to the 2/ space symmetry group with the irreducible representation of Γ = 8 + 6 + 7 + 9 zone-center modes, in which only the and modes are active in the regular Raman spectroscopy with the blue and red laser excitation 27, 31 . All Raman peaks obtained under red and blue laser excitations are in excellent agreement with available literature [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The Raman spectra obtained under UV laser excitation shows two new peaks for both crystals, identified by a red star in Figure 2 (a-b), which are not detectable by visible light Raman spectroscopy.
Figure 2:
Raman spectroscopy of (a) FePS3 and (b) MnPS3 single crystals at room temperature using three different laser excitations of 325 nm (UV), 488 nm (blue), and 633 nm (red). The results of UV laser excitations exhibit a unique combined peak at ~465 cm -1 for both crystals which have not been reported previously. The UV-Raman spectra of FePS3 and MnPS3 on Si are shown separately in Figure 3 spectral feature appears as a low-intensity shoulder. A peak at the same frequency has been reported previously using IR spectroscopy 29 . It was attributed to the zone-center phonon mode with symmetry which is not a regular Raman active mode. There is also a distinguishable broad peak, labeled as 3 , which is a unique feature detectable only with the UV Raman spectroscopy.
As one can see in Figure 3 , the 2 and 3 features can be fitted accurately using two separate Gaussian peaks (green curves). The spectral position of each individual constituent of the 3 feature is almost identical for both materials (Table 1) . Comparing the experimental UV-Raman results with the available theoretical phonon dispersion data 32 , one notices that there is no phonon band, either at the BZ center or at the high-symmetry points of the BZ boundaries, corresponding to the frequencies associated with 3 . We note that somewhat similar spectral features have been reported using IR spectroscopy 29 as low intensity peaks defined as shoulders. Since the experiments were conducted at RT, which is significantly higher than the Néel temperature for both materials, it is unlikely that this spectral feature is associated with the light scattering by oneor two-magnons. The UV-Raman spectrum of a bare Si substrate, and on different spots of various exfoliated flakes are presented in Supplementary Figure S4 , Figure S5 , and Figure S6 confirming that the observed 3 peak originates form the MPX3 crystals themselves. Prior theoretical studies 32 report that there should be a Raman active normal mode for both crystals at 520 cm -1 . However, as shown in Figures 2 (a-b) , the silicon substrate also shows an intense peak at 520 cm Raman spectroscopy of (a) FePS3, (b) MnPS3 on silicon substrate, and (c) FePS3 on diamond substrate at room temperature using UV laser excitation wavelength. The violate curves are the experimental data. The green and red curves represent individual Gaussian and cumulative fittings to experimental data, respectively. The shoulder and peak identified as P2 at ~430 cm -1 and P3 at ~465 cm -1 at are unique features which are only observable with UV laser excitation. The rest of the modes are detectable by red and blue laser excitation Raman spectroscopy as well. The peak marked as Si is associated with the silicon substrate.
We performed density functional theory calculations of bulk FePS3 as implemented in VASP 34, 35 to understand the nature of the two experimentally observed modes between 400 and 500 cm -1 .
Exchange-correlation is included with the Perdew-Burke-Ernzerhof (PBE) functional 36 The resulting frequencies are given in Table 2 . Both the non-magnetic and the z-AFM 4×4×1 supercells show a Raman inactive mode at 417 cm -1 , and the z-AFM 2×2×2 supercell shows a
Raman inactive mode at 431 cm -1 . The higher frequency Raman active mode shows more variation. In the 2×2×2 z-AFM and the 4×4×1 non-magnetic supercells, the frequencies are 521
and 526 cm -1 , respectively, which are similar to frequencies previously calculated by others. The Figure 4 . Thus, the frequencies of these two modes are sensitive to the spin texture of the Fe atoms and the model parameters, and they appear to be the possible candidates for the origin of the experimentally observed modes at 431 and 467 cm -1 . and ~383 cm -1 at RT satisfy these requirements. We determined separately the through-plane and in-plane thermal conductivity of the MnPS3 and FePS3 crystals with TR-MOKE measurements [42] [43] [44] . To facilitate the TR-MOKE measurements, we sputter coated the crystals with a ~15 nm thick Pt and Co multilayer thin-film. The geometry of the multilayer was Ta (3 nm) / Pt (3 nm) / [Co (0.8 nm)/Pt (1 nm)]x4/Pt (2 nm). We optically heated the metal film with a train of laser pulses that are modulated with a 50% duty cycle at frequency . The resulting temperature evolution of the sample surface was determined from the temperature-induced changes in the polar Kerr rotation of a reflected probe beam 45, 46 . The rate of thermal transport out of the Pt-Co thin-film depends strongly on the thermal interface conductance between the crystal and the metal, as well as the thermal conductivity tensor of the MnPS3 or FePS3 crystals. The TR-MOKE method is analogous to the more established technique known as the time-domain thermoreflectance (TDTR) [42] [43] [44] [45] [46] . We chose to use TR-MOKE instead of TDTR to avoid coating the MnPS3 and FePS3 crystals with thick metal films. TDTR measurements require the sample of interest to be coated with an optically thick film, e.g. 80 nm of Al. TR-MOKE experiments do not require an optically opaque film 45, 46 . Using a thick metal film as a transducer in the current experiments would shunt the in-plane heat current and reduce our measurement's sensitivity to the in-plane thermal conductivity of FePS3 and MnPS3. We use an analytical solution to the heat diffusion equation in cylindrical coordinates 42 to extract the thermal conductivity of the MnPS3 and FePS3 crystals, as well as the interface conductance ( ) between the bottom Ta layer of the metal film and the MnPS3 and FePS3 crystals. Further details of our experimental method and setup are described elsewhere [42] [43] [44] .
By performing measurements at multiple pump modulation frequencies, we can independently determine all three unknown thermal properties of the sample stack: , ⊥ , and ∥ . Here, ⊥ and ∥ represent the through-plane and average in-plane thermal conductivity of the crystal in axial and radial directions in cylindrical coordinates, respectively. We assume the in-plane thermal conductivity is the same in all radial directions. For each crystal, measurements were performed with = 1 and 10 . In Figure 8 , we plot our experimental data and the predictions of our thermal model. We find that the through-plane thermal conductivity of FePS3 and MnPS3 is 0.85 ± 0.15 Wm The standard deviation of the Gaussian power ( ) is calculated as = /2 where is the radius of the laser spot on sample's surface. The laser spot size should be measured experimentally using knife-edge method 66 . The lateral dimensions and thickness of FePS3 are extracted by careful imaging of the flake using optical and atomic force microscopy (AFM), respectively. The simulated structure from top to bottom corresponds to a 400 nm thick FePS3 flake, 300 nm SiO2 layer, and 4 µm silicon substrate. In order to extract the thermal conductivity, a reiterative procedure was followed. In this model, first a thermal conductivity for the material system is assumed and then the temperature distribution is obtained solving the heat diffusion equation using 
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